Introduction {#sec1-0961203317716322}
============

Targeting pathways of negative checkpoint regulators (NCRs) such as cytotoxic T-lymphocyte associated-antigen-4 (CTLA-4) and programmed cell death protein-1 (PD-1) has revolutionized cancer therapy. The FDA approval of Ipilimumab (anti-CTLA-4 Ab), Pembrolizumab, and Nivolumab (anti-PD-1 Abs) has substantially improved anti-tumor responses in certain cancer patients.^[@bibr1-0961203317716322]^ In February 2016, an antibody targeting the V-domain Ig suppressor of T cell activation (VISTA), an NCR that suppresses T-cell activation with an anti-VISTA antibody, entered Phase 1 clinical trials in patients with advanced solid tumors (NCT02671955).

Perhaps not unexpectedly, as clinical experience grows with the FDA-approved NCR-targeting agents in cancer, autoimmune disease has emerged as a relatively common side effect, suggesting that the downside of NCR inhibition is loss of immune regulation and systemic autoimmunity. For example, it has been reported that Ipilimumab has significant immune-related toxicities including the exacerbation of both rheumatoid arthritis and dermatologic complications.^[@bibr2-0961203317716322][@bibr3-0961203317716322]--[@bibr4-0961203317716322]^ These clinical observations support the notion that *enhancing*, rather than inhibiting, NCR activity may be a rational approach to the treatment of primary autoimmune disease.

VISTA (PD-1H,^[@bibr5-0961203317716322],[@bibr6-0961203317716322]^ DD1α,^[@bibr7-0961203317716322]^ Dies1,^[@bibr8-0961203317716322]^ Gi24^[@bibr9-0961203317716322]^) is hematopoietically expressed on T cells, monocytes, and neutrophils, with the highest expression in the myeloid compartment. Assessment of the VISTA pathway showed signaling alters both myeloid and T cell function.^[@bibr6-0961203317716322],[@bibr10-0961203317716322],[@bibr11-0961203317716322]^ A previous study showed that blocking the VISTA pathway with an anti-VISTA antibody, 13F3, exacerbates experimental autoimmune encephalomyelitis (EAE), a murine model for human multiple sclerosis. An increase in disease incidence and severity (limb paralysis) was observed in mice treated with 13F3.^[@bibr10-0961203317716322]^ A subsequent study showed that VISTA-deficient (VISTA^−/−^) mice are predisposed to developing autoimmunity.^[@bibr12-0961203317716322]^ Further examination of this phenotype revealed VISTA^−/−^ mice bred onto 2D2 TCR transgenic mice specific for the autoantigen myelin oligodendrocyte glycoprotein (MOG~35--55~) had enhanced EAE disease incidence and mortality.^[@bibr12-0961203317716322]^

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease with protean clinical manifestations, characterized immunologically by production of autoantibodies, immune complex formation and deposition, and in some cases immune complex glomerulonephritis.^[@bibr13-0961203317716322]^ Numerous murine models of lupus are available, including New Zealand Black × New Zealand White F1 hybrid (BWF~1~) mice, in which only female F1 mice develop high levels of nephritogenic anti-dsDNA antibodies and eventually succumb to florid diffuse proliferative glomerulonephritis.^[@bibr14-0961203317716322]^

We recently demonstrated the critical role of VISTA in SLE by breeding *Sle1,3* lupus-prone mice onto VISTA^−/−^ mice. *Sle1,3* mice genetically deficient in VISTA expression had greatly accelerated disease characterized by severe, rapidly progressive glomerulonephritis associated with enhanced T and myeloid cell dysfunction.^[@bibr15-0961203317716322]^ These findings prompted an investigation of targeting the VISTA pathway with antibodies to further dissect the role of VISTA in female BWF~1~ mice.

In this study, we show for the first time that targeting VISTA with 13F3 worsened disease in female BWF~1~ mice. This is demonstrated by the earlier onset of proteinuria and renal damage in anti-VISTA-treated mice compared with control Ig-treated mice. Flow cytometric analysis showed an increase in splenic activated T cells and myeloid cells in 13F3-treated mice. Further studies showed an increase in renal inflammatory myeloid cells in 13F3-treated mice. These findings further establish a critical role of VISTA in the regulation of lupus nephritis in BWF~1~ mice and suggest that antibodies that augment VISTA activity in vivo may be therapeutic in lupus and other autoimmune diseases.

Materials and methods {#sec2-0961203317716322}
=====================

Mice {#sec3-0961203317716322}
----

NZBWF-1 (BWF~1~) female mice were purchased from Jackson Laboratories and C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD). All mice were housed in the pathogen-free facility at The Geisel School of Medicine at Dartmouth.

Treatment {#sec4-0961203317716322}
---------

For lupus studies, BWF~1~ mice were treated with 300ug hamster Ig (BioXCell) or 13F3^20^ three times a week by i.p. injection.

Proteinuria {#sec5-0961203317716322}
-----------

Proteinuria levels (mg/dl) were recorded weekly using Chemstrip test trips (Roche Diagnostics).

Antibodies {#sec6-0961203317716322}
----------

All directly conjugated antibodies for flow cytometry were purchased from Biolegend. These include: B220, CD45, CD3, CD4, CD8, CD69, CD44, F4/80, Gr1, CD11b, CD11c, MHCII and CCR2. CD4+Foxp3+ regulatory T cells (Tregs) were identified using the commercially available Treg staining kit (eBioscience). To detect VISTA expression, 13F3 Ab from our laboratory was used.^[@bibr10-0961203317716322]^

Cytokine/chemokine analysis {#sec7-0961203317716322}
---------------------------

Quantification of chemokine and cytokine levels was determined with the 32 Milliplex Mouse Cytokine/Chemokine Magnetic Bead Panel Luminex assay (Milipore) and analyzed on the Bio-plex 200 Systems (Life Science Research, Bio Rad). All data were analyzed using the Bio Plex Manager 6.0 software.

Flow cytometry {#sec8-0961203317716322}
--------------

Flow cytometric analysis of splenocytes and renal cells was performed as previously described.^[@bibr15-0961203317716322]^

Confocal imaging {#sec9-0961203317716322}
----------------

Confocal imaging was performed to detect C3/IgG immune complexes as previously described.^[@bibr15-0961203317716322]^

Cell sorting {#sec10-0961203317716322}
------------

Splenocytes were stained to identify cell population of interest and sorted on the BD FACSAria III (BD Bioscience).

Migration assays {#sec11-0961203317716322}
----------------

Migration assays were established using a transwell system. Splenocytes were isolated from Ham-Ig or 13F3 treated NZBWF-1 mice and placed in upper chamber (5.0 µm, HTS Transwell®-96, Corning Life Sciences). The lower chamber was coated with monocyte chemoattractant protein-1 (MCP-1) and CXCL13 (B-cell chemoattractant) recombinant proteins (PeproTech). After 6 hours, cells were harvested from both chambers and stained to identify inflammatory monocytes (Gr1^+^ Ly6C^+^ F4/80^+^ CD11b+ cells) expressing CCR2. Flow cytometric analysis was performed and cell migration calculated as percentage of cells migrated into lower chamber compared with upper chamber.

Heat map {#sec12-0961203317716322}
--------

The heat map was generated as described previously.^[@bibr15-0961203317716322]^

Graphs and statistical analysis {#sec13-0961203317716322}
-------------------------------

GraphPad Prism 6 software (Graph Pad, San Diego, CA) was used to present data and statistical analysis determined by the Student *t*-test (two-tailed); \*\*\**p* \< 0.005; \*\**p* \< 0.025; \**p* \< 0.05.

Results {#sec14-0961203317716322}
=======

VISTA blockade enhances murine arthritis and lupus disease progression {#sec15-0961203317716322}
----------------------------------------------------------------------

Proteinuria-negative lupus-prone female BWF~1~ mice (21 weeks old) were treated three times a week by i.p. injection with PBS (control), 300 µg hamster-Ig (Ham-Ig) or the VISTA pathway blocking antibody 13F3. Disease progression was monitored weekly by proteinuria and weight loss.

Treatment with 13F3 accelerated the development of proteinuria compared with untreated mice ([Figure 1(a)](#fig1-0961203317716322){ref-type="fig"}) and reduced survival ([Figure 1](#fig1-0961203317716322){ref-type="fig"}B), independent of weight loss (data not shown). Pathologic examination of kidney sections from sacrificed mice showed greater cellular infiltration in 13F3-treated mice ([Figure 1(c)](#fig1-0961203317716322){ref-type="fig"}, representative H&E staining). A semi-quantitative grading of interstitial and glomerular disease in kidney sections demonstrated significantly greater glomerular scores in 13F3 compared with Ham-Ig-treated mice ([Figure 1(d)](#fig1-0961203317716322){ref-type="fig"}). Next, the in vivo systemic effect of 13F3 was determined by profiling serum from Ham-Ig and 13F3-treated mice by Luminex assay for a pathogenic disease signature. Analysis showed statistically significant increases in LIX/CXCL5, KC/CXCL1 and IL-6 ([Figure 1(e)](#fig1-0961203317716322){ref-type="fig"}), which have been associated with SLE pathogenesis.^[@bibr16-0961203317716322][@bibr17-0961203317716322]--[@bibr18-0961203317716322]^ Figure 113F3 induces disease progression in lupus-prone BWF~1~ mice.21 week old BWF~1~ female mice were treated with PBS (*n* = 8), 300µg Ham-Ig (*n* = 8) or 300µg 13F3 (*n* = 8) and (a) proteinuria monitored weekly and (b) survival recorded. To determine clinical effect of 13F3, paraffin-embedded kidneys were (c) H&E stained and (d) clinically scored for interstitial inflammation and glomerular score. (e) To examine effect of systemic impact of 13F3, serum was collected from Ham-Ig or 13F3 treated mice (week 30) and chemokine/cytokines quantified by luminex assay and shown as heat map (see material and methods). Data representative of 3 experiments and shown as mean +/- SEM. Statistical analysis performed as previously described (see materials and methods).

VISTA blockade increases splenic T-cell activation and inflammatory myeloid cell function {#sec16-0961203317716322}
-----------------------------------------------------------------------------------------

Autoantibody production with resultant immune complex deposition is a hallmark of lupus nephritis.^[@bibr19-0961203317716322]^ To determine if blocking the VISTA pathway with 13F3 exerted its accelerated effects on nephritis via enhanced renal immune complexes (IC) deposition, immunofluorescence staining was performed on frozen kidney sections from Ham-Ig or 13F3 with IgG and C3. No difference in IgG/C3 IC deposition were detected between treatment groups (samples processed at week 30) ([Figure 2](#fig2-0961203317716322){ref-type="fig"}A). Further quantification revealed upon 13F3 treatment, a significant increase in C3 levels ([Figure 2](#fig2-0961203317716322){ref-type="fig"}B) independent of IgG deposition ([Figure 2](#fig2-0961203317716322){ref-type="fig"}C). In parallel, IgM deposition was examined and no difference observed ([Figure 2](#fig2-0961203317716322){ref-type="fig"}D). Furthermore, serum analysis from Ham-Ig- and 13F3-treated mice showed no difference in total anti-dsDNA antibody ([Figure 2](#fig2-0961203317716322){ref-type="fig"}E), anti-dsDNA-IgG antibody ([Figure 2](#fig2-0961203317716322){ref-type="fig"}F) and dsDNA-IgM antibody ([Figure 2](#fig2-0961203317716322){ref-type="fig"}G) titers. Figure 213F3 increases splenic activated T cells and myeloid cells independent of B-cell function in BWF~1~ mice.(a) To determine role of VISTA pathway in the B cell compartment, immunofluorescence staining was performed on frozen kidney specimens from Ham-Ig or 13F3 treated mice (age 30 weeks) to detect immune complex (C3/IgG) deposits using confocal microscopy. Quantification of (b) C3, (c) IgG and (d) IgM levels in the kidney were determined by pixels per inch. Analysis of (e) anti-dsDNA (total), (f) anti-dsDNA-IgG and (g) anti-dsDNA IgM antibody titers in serum from control versus 13F3-treated mice were determined by ELISA. To determine effect of 13F3 on cellular subsets, splenocytes were stained for activated CD4+ T cells expressing (h) CD69 (i) CD44, (J) CD4+ Tregs and analysed by flow cytometry. Data is representative of 3 experiments and displayed as the mean +/- SEM. Statistical analysis performed as previously described (see materials and methods).

Flow cytometric analysis was then performed to study the impact of 13F3 on splenic cell subsets. 13F3-treated mice had a significant increase in the frequency of activated CD4+ T cells as defined by the expression of both CD69 ([Figure 2(h)](#fig2-0961203317716322){ref-type="fig"}) and CD44 ([Figure 2(d)](#fig2-0961203317716322){ref-type="fig"}). No differences in frequency of CD4+Tregs ([Figure 2(j)](#fig2-0961203317716322){ref-type="fig"}) were found.

13F3 increases splenic inflammatory myeloid cells and infiltration into the kidneys {#sec17-0961203317716322}
-----------------------------------------------------------------------------------

VISTA is highly expressed on myeloid cells^20^ warranting assessment of 13F3 on the myeloid compartment was investigated A significant increase in splenic inflammatory myeloid cells ([Figure 3](#fig3-0961203317716322){ref-type="fig"}A) was found in 13F3-treated mice. Furthermore, after *in vitro* stimulation with IFN-γ, purified splenic inflammatory myeloid cells from 13F3-treated mice exhibited a heightened pro-inflammatory profile with increased elaboration of MCP-1 (monocyte chemoattractant protein-1), RANTES (regulated on activation, normal T cell expressed and secreted), and TNF-α compared to control PBS- and Ham-Ig-treated mice ([Figure 3](#fig3-0961203317716322){ref-type="fig"}B). No difference in myeloid derived suppressor cells (MDSCs) ([Figure 3](#fig3-0961203317716322){ref-type="fig"}C) or dendritic cells (CD45+ cells expressing CD11c+MHCII) ([Figure 3](#fig3-0961203317716322){ref-type="fig"}D) was detected. As lupus is a type 1 driven disease, plasmacyoid dendritic cells (pDC) activation and IFN-γ production was also examined and no difference detected between groups (data not shown). Assessment of infiltrating renal cell populations by flow cytometry showed no difference in T cells (CD44 expression) between untreated and treated mice by flow cytometric analysis and immunofluorescence staining (data not shown). In contrast, significant increases in the percentage of inflammatory myeloid cell populations previously reported in nephritic BWF~1~ mice.^21,22^ Renal cell analysis of myeloid cells defined as CD11b^high^ cells expressing F4/80 ([Figure 3](#fig3-0961203317716322){ref-type="fig"}E) and CD11b+ cells expressing MHCII ([Figure 3](#fig3-0961203317716322){ref-type="fig"}F) were significantly increased in mice treated with 13F3 compared to controls. To determine if this was in part due to 13F3 affecting cell migration, *in vitro* migration assays were performed with splenocytes from Ham-Ig and 13F3 treated mice in response to MCP-1 and CXCL13 (B lymphocyte chemoattractant). Compared to inflammatory monocytes from Ham-Ig treated mice, a specific and significant increase in migration in response to MCP-1 was found in 13F3-treated mice ([Figure 3](#fig3-0961203317716322){ref-type="fig"}G). A significant increase in expression of CCR2, the MCP-1 ligand, was also found in 13F3-treated mice ([Figure 3](#fig3-0961203317716322){ref-type="fig"}H). Figure 313F3 increases myeloid cell infiltration into the kidneys in BWF~1~ mice.To determine the impact of 13F3 on the myeloid compartment, splenoctyes were harvested from PBS, Ham-Ig and 13F3 treated mice and stained with directly conjugated antibodies to identify (a) Gr1+CD11b^high^ (c) MDSCs and (d) CD11c+ cells expressing MHCII and flow cytometic analysis was performed. To assess functional significance of 13F3, (b) splenic inflammatory monocytes were isolated and stimulated with IFN-γ for 6 hours. Supernatants were harvested and investigated for MCP-1, RANTES and TNF-α by luminex assay. For renal analysis, flow cytometry was performed in renal cells stained with antibodies to detect (e) CD11b^high^ cells expressing F4/80 and (f) CD11b^high^ cells expressing MHC class II (gated on CD45+ cells) . For migration assays, splenocytes were placed in the upper chamber of a 0.5µm transwell, and migration to recombinant proteins MCP-1 and CXCL13 coated on the lower chamber was examined. To assess cell migration, transwell assays were established (see materials and methods) and (g) inflammatory monocyte cell migration (h) expressing CCR2 was examined by flow cytometry. Flow cytometry performed using a MACSQuant Analyzer and data analyzed using FlowJo software. All data is representative of 3 experiments and displayed as mean +/- SEM. Statistical analysis performed as previously described (see materials and methods).

Discussion {#sec18-0961203317716322}
==========

The data presented in this study show the pronounced acceleration of disease in BWF~1~ mice in response to 13F3, an anti-VISTA antibody that blocks its function as an NCR. This effect appears to be mediated predominantly through a pro-inflammatory influence on myeloid cells, perhaps by promoting enhanced migration into nephritic kidneys. Following 13F3 treatment, early onset of proteinuria ([Figure 1(a)](#fig1-0961203317716322){ref-type="fig"}) and renal damage ([Figure 1(c](#fig1-0961203317716322){ref-type="fig"} and [d](#fig1-0961203317716322){ref-type="fig"})) was detected in BWF~1~ mice compared with control treated mice. Cellular analysis revealed that 13F3 treatment increased the percentage of splenic CD4+ T-cell activation ([Figure 2(h](#fig2-0961203317716322){ref-type="fig"} and [i](#fig2-0961203317716322){ref-type="fig"})) and inflammatory myeloid cells ([Figure 3(a)](#fig3-0961203317716322){ref-type="fig"}) independent of B-cell activity. These findings are similar to previous reports that showed little if any direct influence of VISTA on B-cell biology.^[@bibr10-0961203317716322],[@bibr15-0961203317716322],[@bibr22-0961203317716322]^

We found that most of the effects of VISTA in the BWF1 model are confined to the myeloid and, to a lesser extent, T-cell compartments. Previous studies have shown that VISTA is highly expressed on myeloid cells.^[@bibr10-0961203317716322],[@bibr11-0961203317716322],[@bibr22-0961203317716322]^ In our study, ex vivo activation of splenic myeloid cells with IFN-γ showed an increase in MCP-1 and TNF-α production, all of which have been correlated with active lupus,^[@bibr23-0961203317716322][@bibr24-0961203317716322]--[@bibr25-0961203317716322]^ in the 13F3-treated versus Ham-Ig-treated group ([Figure 3(b)](#fig3-0961203317716322){ref-type="fig"}).

The accelerated renal damage seen with 13F3 treatment prompted an analysis of the specific cellular infiltration in treated versus control kidneys. Flow cytometric analysis showed an increase in myeloid cell infiltration in 13F3-treated mice ([Figure 3(e](#fig3-0961203317716322){ref-type="fig"} and [f](#fig3-0961203317716322){ref-type="fig"})), which suggests that 13F3 alters myeloid activity and/or chemotaxis. This finding was similar to an increase in infiltrating renal myeloid cells seen in a VISTA knockout lupus-prone mouse model we have derived (*Sle1,3^VISTA^* mice^[@bibr15-0961203317716322]^). In the current work, in vitro chemotaxis assays suggest that this may in part be due to the enhanced response of inflammatory myeloid cells to MCP-1 ([Figure 3(g)](#fig3-0961203317716322){ref-type="fig"}). This is intriguing as prolonged survival has been found in CCR2^−/−^ MRL/lpr lupus-prone mice.^[@bibr26-0961203317716322]^ Indeed, other investigators have demonstrated that blocking CCR2 ameliorates renal vasculitis disease in MRL/lpr mice, associated with a reduction in monocyte homing to bone marrow.^[@bibr27-0961203317716322],[@bibr28-0961203317716322]^

The significant increase in CCR2 expression on inflammatory monocytes that we identified after 13F3 treatment ([Figure 3](#fig3-0961203317716322){ref-type="fig"}H) may be due to intrinsic defects induced by the VISTA pathway. This is supported by the dysregulation of CCR2 expression on transcription factor IFN regulatory factor (Irf)5^−/−^ monocytes, resulting in less responsiveness to MCP-1/CCL2, reducing their response to developing pristine-induced lupus mice.^[@bibr29-0961203317716322]^ We are currently investigating how 13F3 may mediate these defects.

Concluding remarks {#sec19-0961203317716322}
------------------

The data presented here highlight the role of VISTA in regulating murine lupus. In the future, enhancement rather than inhibition of the activity of NCRs like VISTA may represent a rational approach to the treatment of human autoimmune diseases such as multiple sclerosis or SLE.
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